The protocol adopted in this work aims at unraveling how X-rays perturb the functioning of the intestinal barrier, focusing on the interplay between colorectal tumor cells and the immune system. Colorectal carcinoma is among the most common type of cancer, typically treated by surgery, chemotherapy, and radiotherapy. Advantages of radiotherapy in targeting the tumor are well known. However, even limited exposures of healthy tissues are of great concern, particularly regarding the effects on the intestinal barrier and the immune system. The adopted setup allows to study the interplay between two cell populations in a condition more similar to the physiological one, when compared to normal cell cultures. For this purpose, we resort to different techniques and we used an in vitro co-culture model, based on Caco-2 cells differentiated as a monolayer and PBMC, sharing the same culture medium. This protocol has been developed to focus on both macroscopic effects, i.e. cell viability and Trans-Epithelial Electrical Resistance (TEER), and, through western blot, molecular alterations, i.e. the activation of inflammatory pathway in immune cells and the tight junction protein expression in Caco-2 cells. Initial evaluation of radiation effects on Caco-2 cell viability was assessed via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Trypan blue assays, while TEER was measured at fixed time intervals through an ohmmeter specifically designed for co-culture systems. In this way, the effects due to radiation, the presence of Peripheral Blood Mononuclear Cells (PBMC), and eventually their synergistic effect, can be demonstrated. Through these complementary techniques, we observed a high radio-resistance of Caco-2 within the range of 2 -10 Gy of X-rays and an increased Caco-2 monolayer permeability when PBMCs were added. In particular, PBMC presence was found to be associated with the variation in the tight junction scaffold proteins expression.
Introduction
The methodology adopted in this work was designed to investigate the interplay between colorectal cancer cells and the immune system, exploiting a set-up closer to the physiological condition when compared to normal 2-dimensional cell cultures.
Colorectal carcinoma (CRC) is considered the third most frequent type of cancer, with more than one million of cases worldwide (Global Cancer Observatory, International Agency for Research on Cancer, World Health Organization, http://gco.iarc.fr). Management of CRC is routinely performed through either surgery, chemotherapy or radiotherapy 1 . When compared to invasive techniques like surgery or chemotherapy, radiotherapy largely avoids the typical detrimental systemic reactions deriving from these clinical approaches, thanks to the localized delivery of radiation dose. However, side-effects can arise in the surrounding healthy tissues, triggering inflammation with direct damage to healthy cells and damage mediated by non-targeted effects 2, 3, 4 . Focusing on the adverse effects due to the irradiation during colorectal cancer treatment, two aspects need to be investigated. First, the mechanisms responsible of intestinal impermeability could be altered by radiation delivery causing, in turn, the possibility of side effects due to an altered containment of bacterial population and the paracellular passage of molecules and solutes. Second, the presence of gut-associated lymphatic tissue (GALT) acts as an outpost of the immune system, with the function of controlling bacterial growth and mediating the general immune response 5, 6, 7 , which allows the investigation of cell membrane properties when grown in a co-culture insert.
Since Caco-2 culturing on a porous membrane is a well-established in vitro model of intestinal monolayer, an improvement has been the coculture between Caco-2 and other cells. This set-up has been adopted frequently to measure the crosstalk between different cell types 9 and can be used to unravel Caco-2 perturbed response to exogenous stimuli when in co-culture, with respect to Caco-2 cultured alone.
Many studies have addressed Caco-2 behavior when co-cultured with both non-pathogenic bacteria and peripheral blood mononuclear cells, to elucidate in particular the crosstalk with the immune system 10 . 
Protocol
The following protocol involves human blood withdrawal from healthy volunteers. Donors provided written informed consent prior to enrollment. This procedure is in accordance with the Helsinki Declaration and blood withdrawals were performed by a professional healthcare assistant.
1. Cell Culture and Co-culture Set-up 1 . One week before the irradiation, prepare a Caco-2 cell suspension containing 2.5 × 10 5 cells/mL in fresh RPMI1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. 2. Seed 2 mL of cell suspension in sterile 1 µm-pore diameter cell culture inserts for 6-well plates and put the insert into a 6-well plate.
NOTE: Cell culture inserts might need to be activated by incubation with sterile complete medium prior to cell seeding. In this case, culture media should be discarded and replaced with cell suspension media. 3. Add 3 mL of fresh RPMI1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin in each bottom compartment, and culture the cells at 37 °C in an incubator with humidified atmosphere containing 5% CO 2 . 4. On the same day of Caco-2 cell irradiation, collect human whole blood in commercially available lithium-heparin coated 6 mL tubes (tube size: 13 x 100 mm). 5. Subsequently, isolate peripheral blood mononuclear cells (PBMC) by using Ficoll gradient. To separate PBMC, put 25 mL of Ficoll in a 50 mL conical centrifuge tube and layer an equal volume of whole blood diluted 1:1 with RPMI1640 onto the Ficoll surface. NOTE: A normal healthy donor usually has approximately 4 -10 × 10 6 PBMC/mL.
6. Centrifuge the 50 mL tubes at 400 x g for 30 min at room temperature. 7. Gently collect the PBMC at the interface between Ficoll and plasma by aspiration with a Pasteur pipette and put them in a 15 mL conical tube. 8. Wash the PBMC twice by adding 10 mL of phosphate buffered saline (PBS) and centrifuging PBMC at 250 x g for 10 min. 9. Culture PBMC for a maximum of 3 -5 h in T25 cm 2 flasks in complete RPMI1640 media, as described before, at 37 °C in a humidified atmosphere containing 5% CO 2 . NOTE: Collect PBMC on the day of the experiment and seed 2 × 10 6 cells/well, suspended in 3 mL of complete RPMI1640 medium, in the bottom compartment of the co-culture. Inserts with Caco-2 cells are transferred in PBMC-containing wells 30 min after their irradiation.PBMC collected from whole blood cannot be maintained in culture for more than approximately 72 h, if not stimulated with e.g. phytohaemagglutinin (PHA), after which cells' viability is lost. CAUTION: The quality and safety of all blood and blood products must be guaranteed throughout the whole process.
6. Load samples in a 4 -20% precast gel and perform the electrophoresis at 120 V for 1 h. Transfer proteins on a polyvinildiene fluoride (PVDF) membrane. 7. Block non-specific binding sites by incubating PVDF membrane at room temperature with 5% non-fat dry milk (NFDM) in PBS added with 0.2% Tween-20 (PBT). Wash the membrane three times with 10 mL of 0.2% PBT for 5 min. 8. Incubate the membrane with gentle agitation for 1 h at room temperature prior to being placed overnight at 4 °C with the following primary antibodies: anti-claudin-1, anti-ZO-1, anti-ZO-2, anti-afadin, anti-occludin, anti-NF-kB, anti-XIAP, and anti-actin. Wash the membrane three times with 10 mL of 0.2% PBT for 5 min. 9. Incubate the membranes with Horseradish Peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature with gentle agitation. Wash the membrane three times with 10 mL of 0.2% PBT for 5 min. 10. At room temperature, develop photographic films by incubating the membranes with enhanced chemo-luminescent kit. 11. Acquire photographic films with a scanning system and quantify the obtained bands with suitable image analysis software.
NOTE: The evaluation of Claudin-1, Occludin, Afadin, ZO-1, and ZO-2 is performed in Caco-2 cells. The evaluation of NF-kB and XIAP is performed in PBMC. CAUTION: β-mercaptoethanol is toxic (GHS05, GHS06, GHS08, GHS09). Do not breathe vapors, avoid release into the environment, and wear individual protection devices and respiratory protection. If swallowed, immediately ask for medical advice. 
Statistical analysis

Representative Results
One week prior to the experiment, cells are sown onto the porous membrane of the insert and allowed to grow during the following days. The level of the confluence can be checked either using an inverted microscope or via the measurement of the TEER values. Indeed, during the growth phase, TEER keeps increasing until all the porous membrane has been covered by cells and they form a differentiated cell monolayer. If cells proliferate faster/slower, the experiment could start at earlier/later time points after being seeded. When at confluence, cells are then brought to the irradiation facility, minimizing the imparted environmental stress (temperature or pH), prior to starting the co-culture with/without PBMC, seeded in the bottom compartment (Figure 1A) , or evaluating the proliferation of Caco-2 cells. Given the initial seeding density, on day 0 cells should reach 100% confluence and create a differentiated monolayer of epithelial cells, which can be observed by the plateau in TEER shown in Figure 1B . Once the cells reach such status, the TEER value is kept relatively constant over the following week, as long as the old culture medium is replaced with fresh medium, at least once a week ( Figure 1B) . As shown in Figure 1C , the MTT assay does not show any statistically significant alteration of the proliferative status of Caco-2 cells neither at 24 h nor at 48 h, independently of the dose received (up to 10 Gy).
A different result was observed concerning the short-term mortality of Caco-2 cells. At both time points, Trypan blue staining show a dosedependent increase in cell mortality. These results show a clear effect of the radiation exposure, although the percentages of dead cells appear to be very low, particularly when considering that the highest delivered dose (10 Gy) produces only roughly 20% of cell death ( Figure 1D ).
Samples were co-cultured with or without PBMC in the lower compartment. Given the fact that PBMC did not receive any external stimulus to proliferate, a 48 h experiment was considered ideal to avoid the bias introduced by PBMC starting to die. Therefore, from immediately before the irradiation, TEER was regularly measured for 48 h, to keep track of possible transitory effects caused by the irradiation protocol. As shown in Figure 1 E-F, TEER values are presented as relative variations with respect to the pre-treated condition (which were of the order of 1200 -1500 Ω·cm 2 ) to better highlight the perturbation induced by the X-ray irradiation and/or by the presence/absence of PBMC in the co-culture. In both cases, an initial transient peak can be clearly seen at the first time point after the radiation exposure, which can be attributed to the irradiation procedure.
When not in co-culture with PBMC ( Figure 1E) , TEER values are almost constant up to 48 h while, after 10 Gy of X-rays, cells show a prolonged decrease in TEER beginning at 3 h post-irradiation. The presence of PBMCs completely modifies the TEER temporal dynamics (Figure 1F) . For all doses, a reduction in the TEER is clearly observable from 3 h up to approximately 30 h post-irradiation, when TEER appears to settle at a constant value (Figure 1F) .
Tight junction complexes expression levels were investigated in Caco-2 cells lysates through western blot assay. Caco-2 cells were exposed to ionizing radiation (with doses of 0, 2, and 10 Gy) and subsequently grown alone or in co-culture with PBMCs in the bottom compartment for 48 h (as shown in Figure 2A-F) . Both Claudin-1 and Occludin (Figure 2A, 2B) were found to be not significantly altered by X-ray and/or co-culture with PBMC. Large fluctuations were instead observed in scaffold proteins ZO-1, ZO-2 and Afadin ( Figure 2C, 2D, 2E) . In particular, a reduction in ZO-2 expression levels is observed already after 2 Gy when in co-culture with PBMC while only at 10 Gy when Caco-2 were growing alone. Afadin expression levels instead are affected only after 10 Gy of X-rays, with an additional reduction when Caco-2 are co-cultured with PBMCs.
PBMCs co-cultured with Caco-2 were analyzed regarding the inflammatory state, in particular, the Nuclear Transcription Factor kB (NF-kB) and the X-linked inhibitor of apoptosis protein (XIAP) levels have been investigated (Figure 2 G-I) . NF-kB total amount was not affected by the coculture with Caco-2 exposed to different radiation doses (Figure 2G) . On the contrary, XIAP levels were 4-fold up-regulated in both the 2 Gy and 10 Gy co-cultures, although the large variations demand a higher number of samples analyzed to reduce such fluctuations and gain a better statistical power. . Please click here to view a larger version of this figure.
Discussion
Colorectal cancer, with its high occurrence in developed countries, is one of the most frequent causes of morbidity and mortality in the population. It is usually managed by surgery, chemotherapy, and radiotherapy 1 . In the framework of radiotherapy treatments, particular attention must be given to the effects of healthy tissue exposure 4 ; moreover, systematic studies on the relationship between radiation exposure and the immune system are fundamental for developing approaches of radio-immunotherapy 3 .
The methodology we adopted in this work has been tailored to the investigation of Caco-2 cells and PBMC crosstalk. We focused on the effect of X-rays exposure of tumor cells, but the same protocol can be adapted to studies with pharmacological agents. Being closer to physiological conditions with respect to standard cell culturing, the strong advantage of this method is the possibility of a complete dissection of a complex system, given the possibility of analyzing both different cell types and the release of signal molecules into the two compartments of the co-culture itself. In this way, routinely applied biological methods can help the understanding of cellular interplay related mechanisms.
The initial characterization of X-ray-induced effects on Caco-2 cells was based on two complementary measurements, i.e. the MTT colorimetric assay and the Trypan blue dye exclusion test. The apparently inconsistent results could be explained by the different focus of these two assays. MTT assesses the oxidoreductase enzymes activity, while the Trypan blue dye is based on a living-cell exclusion dye mechanism.
The investigation of Caco-2-PBMC interplay requires the creation of an epithelial monolayer able to lead to a complete separation between the two compartments of the co-culture. The possibility of seeding Caco-2 cells in the co-culture insert allows the irradiation of only this cell population. Since the co-culture starts after irradiation, there is no bias due to any accidental exposure of PBMC. This set-up needs to be carefully handled to avoid damage (or contamination) to the cellular monolayer during the movements of the insert from one 6-well plate to the other. When carefully performed, TEER measurements are a simple and non-invasive method to investigate the monolayer permeability. This assay is strictly related to the co-culture set-up, and it is not the only choice for investigation of monolayer permeability. It allows a good reproducibility of measures once it is well calibrated with fresh complete medium. Common assays focus on the diffusion of chemical dyes from the upper "apical" compartment to the bottom "basolateral" one (e.g. fluorescein isothiocyanate (FITC)-dextran assay) 16 . However, since PBMC are present in the basolateral compartment in this study, we decided to avoid the introduction of chemical reagents in the experiments. Among the different techniques adopted in this work, TEER measurement is the only one that requires the co-culture set-up 17, 18 . However, the other common laboratory techniques provide more informative results when applied to cells in co-culture, as they allow the investigation of a setup closer to physiological conditions and the data have a stronger biological significance. On the other hand, it must be noted that the use of cells grown on a porous support could lead to some difficulties in the operations needed to prepare the samples, such as the cell lysis for the preparation of cellular extracts to be analyzed through western blotting.
The system adopted in this study has the potential to be further improved, e.g. with the application of substances able to recreate the extracellular matrix milieu. However, this will also result in an increased complexity of the system, and a complete dissection of the set-up will be more difficult to be achieved.
Setups for cell co-culture certainly represent a powerful tool for the advancement of in vitro research, and for the understanding of complex systems. This technique has the potential to increase the knowledge on fundamental mechanisms, providing new inputs to basic research studies on molecular signaling, and with possible applications to the modulation of the activity of the immune system in the framework of oncological clinical patient management.
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